Background: Angiogenesis is an important step in the metastatic cascade of tumors. Results: MMP-13 itself as well as VEGF-A secretion from fibroblasts promotes angiogenesis. Indeed, MMP-13 is well correlated with blood vessel density in human cancer tissues. Conclusion: MMP-13 can be a marker for prediction of malignant behaviors and a therapeutic target in cancer. Significance: This work provides new insights regarding the role of MMP-13 in tumor angiogenesis.
sion and metastasis for decades (10) . It is now evident that MMP function is more complex than initially thought, given that these enzymes do more than degrade physical barriers. MMPs also affect multiple signaling pathways that modulate the biology of the cell in normal physiological processes and in disease. It is now evident that some MMPs such as MMP-1, -2, -3, -7, -9, -14, and -16 can contribute to distinct vascular events in tumors (11) . Among them, MMP-9, conveyed by inflammatory cells, has a distinct role in tumor angiogenesis, mainly regulating the bioavailability of VEGF. MMP-9 enables an angiogenic switch by making sequestered VEGF bioavailable for its receptor VEGFR-2 in pancreatic islet tumors (12) . In addition, the direct cleavage of matrix-bound VEGF by MMP-3, -7, -9, or -16 results in modified VEGF molecules with altered bioavailability, which changes the vascular patterning of tumors in vivo (13) . However, the degradation of ECM components and other extracellular molecules may generate fragments with new bioactivities that inhibit angiogenesis (14) . Thus, MMPs have dual functions as inhibiting and promoting angiogenesis, and the effects of MMPs on angiogenesis might be diverse.
It has recently been shown that a repair of bone fracture in MMP-13-deficient mice is delayed, which suggests a critical role of MMP-13 in the process of angiogenesis during the healing of fracture (15) . Additionally, chicken MMP-13 was shown to directly contribute to neovascularization, which clearly extends the physiologic role of MMP-13 associated with cartilage and bone resorption to collagen remodeling in the angiogenic process (16) . MMP-13 is known as collagenase-3 and is active against a wide variety of ECM components (17) . Moreover, high expression of MMP-13 has been related to tumor behavior and prognosis (18) . Recently, it has been shown that MMP-13 produced from stromal fibroblasts promotes angiogenesis through increased protein level of VEGF and VEGFR-2 in cancer invasive area (19) . Here, we found that MMP-13 produced by cancer cells directly and indirectly promoted tumor angiogenesis.
EXPERIMENTAL PROCEDURES
Reagents-Active form of recombinant human MMP-13, which truncated from the C terminus was obtained from Chondrex, Inc. (Redmond, WA). This recombinant protein was made using the pET vector system in Escherichia coli. Recombinant TGF-␤ and ERK inhibitor, U0126 was obtained from R&D Systems (Minneapolis, MN). Focal adhesion kinase (FAK) inhibitor, FAK inhibitor 14, was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). MMP-13 inhibitor, CL82198, was obtained from Merck Millipore (Darmstadt, Germany).
Cell Lines and Culture Conditions-Head and neck squamous cell carcinoma (HNSCC) cell lines (HCS2, HSC3, HSC4, Ca-9-22, Ho-1-N-1, and Ho-1-U-1) were provided by the Japanese Collection of Research Bioresources Cell Bank. These cells were maintained in RPMI 1640 (Nacalai tesque, Inc., Kyoto, Japan) supplemented with 10% heat-inactivated FBS (Invitrogen) and 100 units/ml penicillin-streptomycin (Invitrogen) under the condition of 5% CO 2 in air at 37°C. Immortalized human umbilical vein endothelial cells (HUVECs; HuhT1 cells) were used in this study. HuhT1 cells were previously established by transfection with human telomerase reverse tran-scriptase (20) . HuhT1 cells was maintained in HuMedia-EG2 (Kurabo, Okayama, Japan) under the condition of 5% CO 2 in air at 37°C. Normal fibroblasts were obtained from gingival tissues using standard explant techniques (21) . The tissues were obtained undergoing routine dental surgery in the Department of Oral Surgery (Hiroshima University Hospital). Normal fibroblasts were maintained in DMEM supplemented with 10% FBS. Only cells between passages three and five were used in this study.
RT-PCR-Using RNeasy mini kit (Qiagen, Hilden, Germany), total RNA from cultures of confluent cells was isolated. These isolates were quantified and their purity was evaluated by spectrophotometer. The cDNA was synthesized from 1 g of total RNA according to ReverTra Dash (Toyobo Biochemicals, Tokyo, Japan). We used the following primers: human MMP-13, 5Ј-ttgagctggactcattgtcg-3Ј (forward) and 5Ј-ggagcctctcagtcatggag-3Ј (reverse); human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5Ј-tccaccaccctgttgctgta-3Ј (forward) and 5Ј-accacagtccatgccatcac-3Ј (reverse). Aliquots of total cDNA were amplified with 1.25 units of rTaq-DNA polymerase (Qiagen), and this amplification was done in a thermal cycler (MyCyler, Bio-Rad, Richmond, CA) for 30 cycles after initial 30 s of denaturation at 94°C, annealing for 30 s at 60°C, and extension for 1 min at 72°C in all primers used. The amplification reaction products were resolved on 1.2% agarose/ TAE gels (Nacalai tesque), electrophoresed at 100 mV, and then finally visualized by using ethidium bromide.
Generation of MMP-13-overexpressing Cells-pcDNA3.1-FLAG-MMP-13 expression vector was kindly provided by Dr. Michael Byrne (Harvard Medical School). We transfected MMP-13 into HSC3 cells. Then, G418 (300 g/ml; Invivogen, San Diego, CA) was added to the culture medium after 48 h of transfection. After 2 weeks of G418 selection, we obtained the stable pool clones. Cell transfections were performed using FuGENE 6HD (Roche Applied Science) according to the manufacturer's instruction. Conditioned media were collected after incubation with RPMI without FBS for 2 days.
Silencing by siRNA-Logarithmically growing HSC4 and Ho-1-N-1 cells were seeded at a density of 10 5 cells/dish (6 cm) and transfected with 20 nM siRNA by using Oligofectamine® RNAi MAX (Invitrogen), according to the manufacturer's instructions. Forty-eight hours after transfection, the cells were prepared and analyzed by Western blot analysis. At the same time, we changed to new medium, incubated for 48 h, and collected the conditioned medium. The following siRNA oligonucleotides were obtained from B-Bridge International, Inc. (Mountain View, CA): MMP-13, gaugaaaccuggacaaguaTT. A scrambled sequence without significant homology to rat, mouse, or human gene sequences was used as a control.
Western Blot Analysis-Western blotting was carried out as described previously (22) . The protein concentrations were measured by Bradford protein assay (Bio-Rad). Twenty g of protein was subjected to 10% polyacrylamide gel electrophoresis, followed by electroblotting onto a nitrocellulose filter. For detection of the immunocomplex, the ECL Western blotting detection system (Amersham Biosciences) was used. Anti-MMP-13 monoclonal antibody (Fuji Company Industries, Tokyo, Japan), anti-FLAG monoclonal antibody (Sigma), and anti-␤-actin monoclonal antibody (Sigma), ␣-smooth muscle actin (␣-SMA), anti-phospho-FAK (Tyr-576/Tyr-577) monoclonal antibody (Cell Signaling Technology, Beverly, MA), antiphospho-Src (Tyr-416) polyclonal antibody (Cell Signaling Technology), anti-phospho-ERK (Thr-202/Tyr-204) monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-FAK polyclonal antibody (Cell Signaling Technology), anti-Src polyclonal antibody (Cell Signaling Technology), and anti-ERK monoclonal antibody (Cell Signaling Technology) were used.
For detection of phosphorylated proteins, membranes were blocked with 3% milk/TBS-T and incubated with phospho-specific antibodies overnight at 4°C. After washing in TBS-T, membranes were incubated with specific secondary antibodies, and the proteins were visualized as described previously.
MMP-13 Activity-The MMP-13 activity was determined by a MMP-13 inhibitor assay kit (Chondrex, Inc., Redmond, WA, distributed by IWAI Chemicals Company, Japan, catalog no. 3003). A designate reaction was performed in the 96-well microtiter plate according to the manufacturer's instructions. The assay procedure was separated into two stages. First, diluted recombinant human MMP-13 (10 g/ml) with dilution buffer B or conditioned medium (from control cells, MMP-13overexpressing cells or MMP-13 siRNA-treated cells) was activated by adding 5 l of aminophenylmercuric acetate at 35°C for 60 min. Second, appropriate amounts of test samples with or without several inhibitors (U0126, FAK inhibitor 14 and CL82198) that diluted by solution B and reaction buffer to the wells were added to adjust the final volume to 160 l. The reaction was initiated by adding 100 l of substrate solution to each well. The collagenase reaction was stopped by adding 10 l of the stop solution to each well after incubating at room temperature for ϳ30 min. The reaction fluorescence intensity was determined at emission ϭ 450 nm and excitation ϭ 345 nm with Varioskan Flash (Thermo Scientific). The MMP-13 activity was determined by comparing with a standard response curve using buffer instead of inhibitor in similar conditions. All assays were carried out in three replications.
Migration Assay-Migration activity was measured by the use of a 24-well cell culture insert with 8-m pores (Falcon Becton Dickinson). The lower compartment contained 0.5 ml of conditioned medium or serum-free medium with or without 100 ng/ml of recombinant MMP-13. After trypsinization, 5 ϫ 10 4 cells were resuspended in 100 l of serum-free medium and placed in the upper compartment of the cell culture insert for 4 h. To examine the activity of migration, the cells that had penetrated onto the lower side of the filter were fixed with formalin and stained with hematoxylin. These were assayed three times.
In Vitro Angiogenesis by HUVECs-An angiogenesis assay kit obtained from Kurabo (Osaka, Japan) was used according to the manufacturer's instructions with minor modifications (23) . HUVECs were treated with conditioned medium from MMP-13-overexpressing cells or control cells (1:1 mixture with the medium). HUVECs were also treated with different concentrations of recombinant MMP-13 protein (0, 50, 100 and 200 ng/ml). VEGF-A (2 g/ml) was used as a positive control, and suramin (1 mM) was used as a negative control. We examined three wells/data point in a single experiment. The media were changed every 3 days. After 12 days, the cells were fixed at room temperature with cold 70% ethanol for 30 min. The cells were incubated with the anti-human CD31 antibody for 1 h at 37°C and further with an alkaline phosphatase-conjugated goat anti-mouse IgG antibody. Visualization was achieved with 5-bromo-4-chloro-3-indolyl phosphate-nitrobluetetrazolium. Capillary tube score was estimated with the Chalkley count method under a bright-field microscope (24) .
Rat Aortic Ring Angiogenesis Assay-The effect of samples on angiogenesis was studied by culturing aortic explants in threedimensional matrix gels according to the protocol described by Bauer et al. (25) . Thoracic aorta was excised from 7-week-old male Sprague-Dawley rat, and the fibroadipose tissue was removed. The aorta was sectioned into 1-mm-long cross-sections, rinsed with EBM-2 medium (Lonza, Walkersville, MD), placed on the Matrigel-coated wells, covered with additional 50 l of Matrigel, and allowed to form a gel for more than 30 min at 37°C, 5% CO 2. Afterward, control was treated with EBM-2 medium only, and the test sample was treated with EBM-2 medium containing recombinant MMP-13 protein. Each medium was added every other day. All assays were performed by using five aortic rings per sample. Aortic rings were photographed on day 15. The area of angiogenic sprouting was calculated using Image-Pro Plus software program (Media Cybernetics). Microvessel densities were reported in square pixels.
VEGF-A Quantification-A fixed number of fibroblasts cultured in medium without FBS were treated with MMP-13 (0, 10 and 50 ng/ml) and/or TGF-␤ (1 ng/ml) for 24 h. The concentration of VEGF-A in the culture medium was quantified with commercial ELISA kit according to the manufacturers' instructions (Pierce Biotechnology, Rockford, IL).
Tissue Samples-Sixty-seven tissue samples of human HNSCC were retrieved from the Surgical Pathology Registry of University of Peradeniya and Oral and Maxillofacial unit, Kandy Hospital, after being approved by the Ethical Committee of each institution. Informed consent obtained from all patients was verbal for this study, and then signature was obtained from all patients. Sixty-seven Sri Lankan HNSCC cases (42 male, nine female and 16 unknown; average age was 50.2 Ϯ 13.2) were surgically resected from 1998 to 2004 before radiochemotherapy. Clinical information including metastasis was gathered from surgical records of the patients. Tissues were fixed in 10% buffered formalin and embedded in paraffin.
Immunohistochemistry-Tumor tissues were fixed in 10% formalin, embedded in paraffin, and cut into 4-m thick sections. For immunohistochemical staining, tissue sections were deparaffinized in xylene and rehydrated in descending grades of ethanol. Endogenous peroxidase activity was blocked with FIGURE 1. Identification of MMP-13. A, schema shows the strategy to identify MMP-13. Periostin, IFITM1, and Wnt-5b are identified as the invasion-related molecules by comparing the gene expression profile between the parent (MSCC-1 cells) and a highly invasive clone (MSCC-Inv1 cells). To identify common up-regulated genes, we compared the gene expression profiles of control versus periostin-overexpressing cells, control versus IFITM1-overexpressing cells, and control versus Wnt-5b-overexpressing cells. MMP-13 is commonly up-regulated among periostin-, IFITM1-, and Wnt-5b-overexpressing cells. B, expression of MMP-13 in HNSCC cell lines. Expression of MMP-13 mRNA in six HNSCC cell lines: HSC2, HSC3, HSC4, Ca-9-22, Ho-1-N-1, and Ho-1-U-1 was examined by RT-PCR. GAPDH was used as a loading control. C, generation of MMP-13-overexpressing cells. pcDNA3.1-FLAG-MMP13 was transfected into HSC3 cells. After selection, we obtained four stable clones and one stable pool clone of MMP-13-overexpressing cells. Ectopic expression of MMP-13 was examined by immunoblotting with an anti-FLAG antibody. In further experiments, clone 1 was used. D, MMP-13 ability was determined by a MMP-13 inhibitor assay kit as described under "Experimental Procedures." Conditioned medium was collected from control HSC3, MMP-13-overexpressing HSC3, control Ho-1-N-1, MMP-13 siRNA-treated Ho-1-N-1, control HSC4, and MMP-13 siRNA-treated HSC4 cells. The reaction was initiated by adding 100 l of substrate solution, and the reaction fluorescence intensity was determined at emission ϭ 450 nm and excitation ϭ 345 nm. The graph shows fluorescence intensity. All assays were carried out in three replications. E, ectopic expression of FLAG-MMP-13 was examined by immunoblotting with an anti-FLAG antibody. ␤-Actin expression was used as a loading control. Expression of MMP-13 in condensed conditioned medium was detected by immunoblotting with an anti-MMP-13 antibody. F, MMP-13 knockdown in HSC4 and Ho-1-N-1 cells. MMP-13 siRNA was transfected into HSC4 and Ho-1-N-1 cells. A scrambled sequence that does not show significant homology to rat, mouse, or human gene sequences was used as a control. After 48 h, cells were collected, and MMP-13 expression was examined by Western blot (WB) analysis. ␤-Actin expression was used as a loading control. methanol containing 0.3% H 2 O 2 for 30 min. Antigen retrieval was done by the microwaving using a citrate phosphate buffer (pH 6.0), and then the sections were incubated with the primary antibody at 4°C overnight. Immunohistochemical staining was carried out by a monoclonal anti-MMP-13 antibody (Fuji Company Industries, 1:80). For detection of the reaction after incubation with secondary antibodies, we used diaminobenzidine (DAKO, Glostrup, Denmark). The sections were counterstained by hematoxylin and dehydrated in ascending grades of ethanol, and finally, the slides were mounted. By considering the percentage of positive cells and the overall staining intensity, MMP-13 was considered positive if over 10% of the tumor cells showed strong or diffuse staining. If less than 10% of the cells showed weak or no staining, it was considered negative.
Assay for Blood Vessel Density-CD34 is an antigen present in hematopoietic progenitor cells and endothelial cells. Anti-CD34 antibody is a highly sensitive marker for endothelial cell differentiation and has also been studied as a marker for vascular tumors. To investigate the relation between angiogenesis and MMP-13, we stained all HNSCC cases with CD34 endothelial marker (Novocastra Laboratories Ltd., Newcastle, UK) by SABC method. To assess blood vessel density, we performed histomorphometric analysis. Three representative photomicrographs (areas where MMP-13 positivity were detected including invasive front) were taken from each case stained with CD34. First, we went through all the sections stained with MMP-13 and CD34 antibodies. The area was selected by the following criteria: (i) the expression of MMP-13, (ii) the included invasive tumor front, and (iii) the high number of blood vessels. Photographs of those tumors were taken in close proximity to MMP-13-expressing area including the invasive front. For MMP-13-negative cases, three areas from the invasive front were selected. Any positively stained endothelial cell or endothelial cell cluster, with or without a lumen, was considered as a single, countable blood vessel. Stromal area was quantitatively analyzed using digital image (Adobe Photoshop and Scion Image software). From each figure, total counts of blood vessels per stromal area were taken, and the average was calculated. The results were then compared with MMP-13 expression.
Statistical Analysis-A p value Ͻ 0.05 was required for assessing the significance. Correlation between variables was estimated using Fisher's exact test, and for correlation between MMP-13 expression and blood vessel density, a Welch test was used.
RESULTS

MMP-13
Promotes Angiogenesis-We previously identified periostin, interferon-induced transmembrane protein 1 (IFITM1), and Wnt-5b as cancer invasion-related factors by comparing the gene expression profiles between parent and highly invasive clone of a cancer cell line (22) . MMP-13 was identified as a common up-regulated molecule by comparing the gene expression profiles between control cells and periostin-overexpressing cells, control cells and IFITM1-overexpressing cells, and control cells and Wnt-5b-overexpressing cells (Fig. 1A) (26) . It is known that MMP-13 is highly expressed in various tumors and is related to tumor behavior and prognosis (18) . To know the role of MMP-13 in cancer development, we generated MMP-13-overexpressing cancer cells. Expression of MMP-13 mRNA was examined in six head and neck cancer cell lines (Fig. 1B) . Among six cell lines, HSC2 and HSC3 cells showed lower expression of MMP-13 mRNA. Expression level of MMP-13 in these cells was lower than that in other cancer cells. Therefore, we transfected a FLAG-MMP-13 plasmid into HSC3 cells. Then, we obtained four stable clones and one stable pool clone of MMP-13-overexpressing cells (Fig. 1C ). All stable clones highly expressed ectopic MMP-13 (Fig. 1C) . In further experiments, clone 1 was used. By using MMP-13-overexpressing cells, we examined the role of MMP-13 in cell growth and invasion. MMP-13 overexpression did not affect cell proliferation and slightly promoted the invasion of HNSCC cells (data not shown). We also confirmed that conditioned medium from MMP-13-overexpressing cells had a higher protease activity than that from control cells (Fig. 1D) .
MMP-13 has recently been shown to play a critical role in the process of angiogenesis during the healing of fracture (15) . Here, we examined the role of MMP-13 in angiogenesis. MMP-13 secretion was detected in conditioned medium from MMP-13-overexpressing-HSC3 cells by Western blot analysis (Fig. 1E ). Expression level of ectopic MMP-13 in MMP-13overexpressing HSC3 cells was similar to that of endogenous MMP-13 in Ho-1-N-1 or HSC4 cells (Fig. 1F ). By using conditioned medium from MMP-13-overexpressing cells, we examined the migration of immortalized HUVECs. The HuhT1 cell line was previously established from HUVECs by transfection with human telomerase reverse transcriptase (20) . Conditioned medium from MMP-13-overexpressing cells promoted migration of HuhT1 cells ( Fig. 2A) . Interestingly, conditioned medium from MMP-13-overexpressing cells significantly promoted capillary tube formation, in comparison with that from empty vector-transfected HSC3 cells (Fig. 2B) . Moreover, we examined MMP-13 knockdown in Ho-1-N-1 or HSC4 cells with MMP-13 expression. MMP-13 siRNA reduced MMP-13 expression and protease activity (Fig. 1, D and F) . Conditioned medium from MMP-13-depleted cells suppressed migration and capillary tube formation (Fig. 2, C and D) .
To exclude other factors in conditioned medium, we used recombinant MMP-13 protein for in vitro angiogenesis assay. We examined the effect of recombinant MMP-13 protein on cell growth and migration of HuhT1 cells. Treatment with recombinant MMP-13 protein did not significantly promote cell growth and migration of HuhT1 cells (Fig. 3, A and B) . For The values represent means of capillary tube score ϩ S.D. based on three wells/data point in a single experiment. D, to examine the effect of protease inhibition on FAK and ERK phosphorylation, CL-821198, which is a selective inhibitor of MMP-13 through the binding to the S1Ј pocket of MMP-13 with its morpholine ring adjacent to the catalytic zinc atom, was used. HuhT1 cells were seeded on a culture dish. After incubation for 24 h, medium was changed to HuMedia without FBS and growth factors. After 4 h, CL-821198 (10 g/ml) and/or recombinant MMP13 protein (100 ng/ml) were added, and the cells were incubated for 1 h. Levels of total and phosphorylated forms of FAK and ERK was examined by Western blotting. E, capillary tube formation was examined by using an angiogenesis assay kit. HUVECs were treated with the recombinant MMP-13 protein with or without CL-821198 (5 and 10 g/ml), and the medium was changed every 3 days. After 12 days, the cells were fixed and stained with anti-human CD31 antibody. The graph shows the average capillary tube score after treatment with recombinant MMP-13 protein. The capillary tube score was estimated with the Chalkley count method under a bright-field microscope. The values represent means of capillary tube score ϩ S.D. based on three wells/data point in a single experiment. *, p Ͻ 0.05.
FIGURE 5. VEGF-A secretion by MMP-13 treatment in fibroblasts.
A, fibroblasts were seeded on a culture dish. After incubation for 24 h, medium was changed to DMEM without FBS. After 24 h, MMP-13 (0, 10, and 50 ng/ml) and TGF-␤ (1 ng/ml) with or without MMP-13 (50 ng/ml) were treated for 24 h. The concentration of VEGF-A in the culture medium was quantified with commercial ELISA kits according to the manufacturer's instructions. B, after treatment with MMP-13 (0, 10, and 50 ng/ml) or TGF-␤ (1 ng/ml) with or without MMP-13 (50 ng/ml) for 24 h, fibroblasts were collected. Expressions of VEGF-A, ␣-SMA, and ␤-actin were examined by immunoblotting. The densitometric analysis of VEGF-A expression was performed. VGEF-A/␤-actin ratio is shown. C, HuhT1 cells were seeded on a culture dish. After incubation for 24 h, medium was changed to HuMedia without FBS and growth factors. After 4 h, the recombinant MMP13 protein (100 ng/ml) with or without 10 M of FAK inhibitor (FAK inhibitor 14), 10 M of ERK inhibitor (U0126) or 10 g/ml of CL-821198 were added and the cells were incubated for 1 h. Expression of VEGF-A and ␤-actin were examined by immunoblotting. The concentration of VEGF-A in the culture medium was quantified with commercial ELISA kits according to the manufacturer's instructions. D, fibroblasts were seeded on a culture dish. After incubation for 24 h, medium was changed to DMEM without FBS. After 24 h, MMP-13 (0, 50, and 100 ng/ml) and TGF-␤ (1 ng/ml) with or without MMP-13 (100 ng/ml) were treated for 24 h. Moreover, we treated CL-821198 (10 g/ml). The concentration of VEGF-A in the culture medium was quantified with commercial ELISA kits according to the manufacturer's instructions.
in vitro angiogenesis assay, we used VEGF-A as a positive control and suramin as a negative control. Similarly to conditioned medium from MMP-13-overexpressing cells, treatment with MMP-13 protein significantly promoted capillary tube formation in a concentration-dependent manner (Fig. 3C ). Surprisingly, capillary tube score of MMP-13 treatment was similar to that of VEGF-A (Fig. 3C ). However, MMP-13 did not significantly stimulate microvessel outgrowth from aorta comparing with control ( Fig. 3D) .
To clarify the mechanism of MMP-13-promoted angiogenesis, we examined the involvement of several intracellular signaling molecules such as FAK, Src, and ERK by Western blotting using phosphorylation specific antibodies in HuhT1 cells after adding recombinant MMP-13 protein. Increased phosphorylation of FAK and ERK was observed after adding MMP-13 protein ( Fig. 4A) . To demonstrate the involvement of FAK and ERK in MMP-13-promoted angiogenesis, we examined capillary tube formation after treatment with FAK inhibitor (FAK inhibitor 14) or ERK inhibitor (U0126) together with recombinant MMP-13 protein. We confirmed that treatment with FAK inhibitor 14 or U0126 suppressed FAK or ERK activity, respectively ( Fig. 4B ). Both inhibitors inhibited MMP-13-promoted capillary tube formation in a concentration-dependent manner (Fig. 4C ). Both inhibitors also inhibited capillary tube formation without MMP-13 treatment in a concentration-dependent manner (Fig. 4C ), suggesting that the FAK and ERK signaling pathway may be a conventional pathway of angiogenesis. Moreover, FAK inhibitor did not influence on ERK activity and ERK inhibitor did not influence on FAK activity in MMP-13-treated endothelial cells (data not shown), suggesting that the inhibitory effects exerted by either FAK or ERK inhibitor are separated. These findings suggest that MMP-13 may promote angiogenesis via a conventional pathway.
To know whether ERK or FAK activity induced by MMP-13 was caused by protease activity of MMP-13, we examined the effect of protease inhibition on FAK and ERK phosphorylation by using CL-821198, which is a selective inhibitor of MMP-13 through the binding to the S1Ј pocket of MMP-13 with its morpholine ring adjacent to the catalytic zinc atom. CL-821198 treatment did not influence on ERK or FAK activity in HuhT1 cells (Fig. 4D ). This finding indicates that ERK or FAK activity induced by MMP-13 is not caused by protease activity of MMP-13. We also examined the effect of CL-821198 on capillary tube formation. CL-821198 inhibited MMP-13-promoted tube formation. This finding suggests that MMP-13 activity may affect to capillary tube formation via an ERK-or FAK-independent manner (Fig. 4E) .
MMP-13 Promotes VEGF-A Secretion in Fibroblasts and Endothelial
Cells-A recent report shows that esophageal squamous cell carcinoma-derived TGF-␤ regulates angiogenesis through the release of VEGF from fibroblasts (27) . We examined whether MMP-13 affected the release of VEGF from fibroblasts or endothelial cells as a similar function of TGF-␤. Normal fibroblasts were obtained from gingival tissues using standard explant techniques (21) . The level of VEGF-A secretion by fibroblasts was measured after being induced by MMP-13 with/without the presence of TGF-␤. Interestingly, MMP-13 could promote the secretion of VEGF-A, especially in the presence of TGF-␤ (Fig. 5A) . It is known that paracrine tumor-derived growth factors activate the cancer-associated fibroblasts, which undergo a myofibroblastic transdifferentiation defined by an elongated spindle shape, and the expression of contractile ␣-SMA and vimentin (28) . Therefore, we examined the expression of ␣-SMA after TGF-␤ or MMP-13 treatment in fibroblasts. As previously reported, TGF-␤ induced ␣-SMA expression in fibroblasts (Fig. 5B) . Although MMP-13 itself did not induce ␣-SMA expression in fibroblasts, both TGF-␤ and MMP-13 induced higher expression of ␣-SMA in comparison with the expression level of ␣-SMA induced by TGF-␤ ( Fig. 5B) .
Moreover, we examined whether MMP-13-promoted VEGF-A secretion from the endothelial cell line HuhT1 or not. Interestingly, the expression and secretion levels of VEGF-A were increased by MMP-13 treatment (Fig. 5, C and D) . Induction of VEGF-A in HuhT1 cells was partially dependent on ERK activity but not on FAK activity and MMP-13 protease activity (Fig. 5, C  and D) .
MMP-13 Is Highly Expressed in Human Cancer Tissues-To demonstrate in vitro and in vivo evidence of MMP-13-mediated angiogenesis, we examined the expression of MMP-13 and its relationship with tumor angiogenesis in clinical cancer cases. We examined the immunohistochemical expression of MMP-13 in 20 normal oral epithelium and 67 HNSCC tissues. Positive expression of MMP-13 was observed in 0 of 20 (0%) normal oral epithelium and 54 of 67 (81%) HNSCC cases (Fig. 5 , A and B, and Table 1 ). We compared MMP13 expression with metastasis in HNSCC cases. MMP-13 expression was well correlated with metastasis (Table 1) . Then, we compared MMP-13 expression with the number of blood vessels in HNSCC cases. The number of blood vessels was examined by staining using anti-CD34 antibody. CD34 is an antigen present in hematopoietic progenitor cells and endothelial cells. Anti-CD34 antibody is a highly sensitive marker for endothelial cell differentiation and has also been studied as a marker for vascular tumors. We observed an increased number of blood vessels at the invasive front of the MMP-13 positive tumor cases, compared with the MMP-13 negative cases (p Ͻ 0.05) (Fig. 6, A and B) . The average number of blood vessel density assessed by histo-morphometric analysis was 41.4 Ϯ 13.0 and 76.2 Ϯ 26.6 in MMP-13 negative and positive cases, respectively (p Ͻ 0.05) ( Fig. 6C and Table 1 ).
DISCUSSION
Angiogenesis, the formation of new blood vessels from preexisting ones, is a crucial step in tumor growth, progression, and metastasis. Regulation of angiogenesis in vivo is complex and is controlled by a variety of factors. Among them, VEGF is considered to play a dominant role. It has been well established that VEGF promotes a cancer progression by up-regulating microvessel density (3) . MMPs are zinc metalloenzymes with the ability to degrade the components of the ECM. Their action is crucial during the progression of cancer because they allow the remodeling of the surrounding healthy tissues and enable local invasion (8) . MMP-13 is known as collagenase-3, which has the ability to degrade fibrillar collagen (29) . However, it may also act as a potent gelatinase by degrading a wide variety of extracellular matrix components (30, 31) . MMP-13 is overexpressed in a variety of tumors from such as head and neck, laryngeal, breast, chondrosarcoma, gastric, colorectal, vulvar carcinomas and cutaneous malignant lymphoma (17, (32) (33) (34) (35) (36) (37) (38) (39) .
In most malignancies, MMP-13 has been correlated with tumor invasion, metastasis, and poor prognosis in patients (34, 35, 37, 39, 41) . MMP-13 is predominantly expressed by tumor cells at the tumor invasive front and to some extent by stromal fibroblasts surrounding tumor cells (33, 41) . Our immunohistochemical finding that MMP-13 expression is frequently observed, but no statistical correlation was observed in MMP-13 expression and metastasis in HNSCC ( Table 1) . As we used biopsy cases in this study, HNSCC cases with high expression of MMP-13 may have a potential to metastasize later.
Indeed, MMP-13 expression was well correlated with number of blood vessels. Thus, it is well accepted that MMP-13 is involved in tumor progression.
In the present study, we demonstrate the novel role of MMP-13 in tumor angiogenesis. Although there is a study suggesting a role of MMP-13 in keratinocyte migration and angiogenesis during the healing of fracture (43) , the role of MMP-13 in tumor angiogenesis has not been fully elucidated. It is known that some MMPs such as MMP-1, -2, -3, -7, -9, -14 and -16 are involved in tumor angiogenesis via the regulation of bioavailability of VEGF-A (11) . Distinct from the function of other MMPs in angiogenesis, MMP-13 promoted angiogenesis through an increased number of blood vessels at the invasive front of the tumor and up-regulation of VEGF-A secretion from fibroblasts and endothelial cells (Fig. 7) . We also found that MMP-13 promoted capillary tube formation was mediated by activation of FAK and ERK. FAK is a cytoplasmic tyrosine kinase that plays critical roles in integrin-mediated signal transductions and also participates in signaling by other cell surface receptors (44) . Extensive studies in FAK knock-out mouse models indicated a critical role of FAK in angiogenesis during embryonic development (45) . Moreover, the increased expression of FAK in cancer cells has been suggested to play a role in the tumor angiogenic switch to promote aggressive tumor progression and metastasis (46) . However, Baek et al. (47) found that the MEK/ERK pathway is involved in endothelial cell proliferation through up-regulation of positive cell cycle proteins and downregulation of negative cell cycle proteins. Thus, activation of FAK and ERK is critically involved in angiogenesis. Indeed, treatment with FAK inhibitor or ERK inhibitor strongly inhibited the capillary tube formation of endothelial cells, suggesting that FAK and ERK signaling are essential in angiogenesis. Although MMP-13 has central roles in modulating extracellular matrix degradation through its direct matrix degrading capability as well as having a key involvement in the activation of other MMPs (7) , FAK or ERK activity induced by MMP-13 was not mediated by matrix degrading capability (Fig. 4D ). Our findings suggest that MMP-13-driven angiogenesis may be mediated by a conventional pathway via activation of FAK and ERK. However, the mechanism of ERK or FAK activation by MMP-13 is still unclear.
The tumor tissue consists of a dynamic mixture of tumor cells, fibroblasts, endothelial cells, and immune cells that all work together to drive tumor progression (48) . Activated fibroblasts, also known as cancer-associated fibroblasts within the tumor microenvironment, is preceded by the chemoattraction and migration of precursor cells, which can either arise from the surrounding host fibroblasts or from circulating mesenchymal precursor cells (40, 42, 49) . Cancer-associated fibroblasts are activated by paracrine tumor-derived growth factors, which undergo a myofibroblastic transdifferentiation (28) . Noma et al. (27) showed that paracrine TGF-␤ from the esophageal cancer cells lead to activation of the fibroblasts and vascular network formation through the release of VEGF-A. Interestingly, MMP-13 induced the secretion of VEGF-A from fibroblasts in similar to TGF-␤. Moreover, TGF-␤ induced ␣-SMA expression in fibroblasts, indicating that the phenotypic switch from fibroblast to myofibroblast may be caused by TGF-␤. MMP-13 itself could not induce ␣-SMA expression, but it enhanced ␣-SMA expression induced by TGF-␤. Although TGF-␤ induced a myofibroblastic transdifferentiation of fibroblasts and VEGF-A secretion from myofibroblasts, TGF-␤ itself inhibited capillary tube formation of endothelial cells (data not shown). Previous report shows MMP-13 increases the expression of VEGF and its receptor, VEGFR-2 (19) . In this study, we could not detect VEGFR-2 expression in fibroblasts after treatment with MMP-13 and/or TGF-␤ by real-time PCR analysis (data not shown). In addition, VEGF-A induction by MMP-13 in fibroblasts and endothelial cells was not dependent on MMP-13 protease activity (Fig. 5, C and D) . Although it is unclear how MMP-13 promotes VEGF-A secretion from fibroblasts and endothelial cells, it is interesting to examine the detailed role of MMP-13 in the tumor microenvironment.
In summary, our findings suggest that MMP-13 may directly and indirectly promote tumor angiogenesis. In various tumors, MMP-13 is correlated with tumor invasion, metastasis, and poor prognosis. Therefore, we believe that MMP-13 can be a potential target for therapeutic intervention to additionally obstruct tumor angiogenesis in cancer patients.
